of the reaction volatile enough for gas chromatographic analysis. The TMAH thermochemolysis was found to
SOM is mineralized and humified, resulting in a mixture of structurally identifiable materials as plant residue macromolecules and HS. Therefore, knowing the chemical structure of plant tissues and their transformation T hermochemolysis in the presence of tetramethylin soils is essential to understanding the humification ammonium hydroxide (TMAH; off-line thermoprocesses that occur in soils. In this study, we applied chemolysis) is a novel technique that provides new dethe off-line TMAH thermochemolysis-GC/MS together tailed information on the structure and composition of with solid-state 13 C-NMR, using the cross polarization soil organic matter (SOM). This technique and pyrolysis magic angle spinning (CPMAS) with the ramp-CP techin the presence of TMAH (in situ methylation) have nique, for the analysis of bulk (untreated) agricultural been introduced as effective techniques for analyzing a soil profile. Our goal is to use these chemical approaches large variety of natural macromolecules. These techon untreated samples to develop a better understanding niques were used to characterize lignin (Hatcher et al., of how humification occurs in a well-defined profile 1995; Clifford et al., 1995; Hatcher and Minard, 1996) , from a cultivated soil. humic substances Martin et al., , 1995 del Rio and Hatcher, 1996) , coalified MATERIALS AND METHODS woods (McKinney and Hatcher, 1996) , carbohydrates (Fabbri and Helleur, 1999) , lipids (Challinor, 1996 ; IsSoil Profile Samples hida et al., 1999), and cutan (McKinney et al., 1996) . It
The soil samples used in this study were provided from a has been demonstrated that the TMAH technique is a field experiment at Waseca, MN. In short, soil samples (Webchemolytic procedure that hydrolyzes and methylates ster clay loam) from four depths, 0 to 7.5, 7.5 to 15, 15 to 30, esters and ether linkages, assisting depolymerization and 30 to 45 cm, were collected from a 9.9-by 9.1-m plot in and methylation. Methylation makes the polar products which only corn was grown continuously for 15 yr. The samples were air-dried, sieved through a 2-mm sieve, and oven-dried (65ЊC) before analysis. Total SOM content was measured by 1 mL min Ϫ1 ; electronic flow control was set for constant flow. The GC oven temperature was programmed from 40 to 300ЊC loss of weight on ignition at 550ЊC for 8 h.
at a rate of 8ЊC min Ϫ1 . The GC was directly coupled to a Pegasus II (Leco, St. Joseph, MI) time-of-flight mass spec-
Tetramethylammonium Hydroxide
trometer by a deactivated fused silica transfer line heated to Thermochemolysis-Gas Chromatography/Mass 300ЊC. Mass spectra, from 33 to 700 m/z, accumulated at a Spectrometry rate of 9 scans s
Ϫ1
. Most peaks were identified by comparison For the TMAH analysis, 1 to 2 mg of soil organic matter with the NIST (version 1.6) library. was used. Therefore, 50 mg of oven-dried soil samples from For quantitative purposes, a single response factor was used the 0-to 7.5-cm and 7.5-to 15-cm layers (3-4.5% organic for all syringyl lignin-derived compounds and another for all matter), and 100 mg of samples from the 15-to 30-cm and guaiacyl lignin-derived compounds. The response factors were 30-to 45-cm layers (1.5-2% organic matter) were weighed calculated by taking the average of the response factors of and placed in glass tubes (three replicates). Two hundred the commercial standards dimethoxybenzaldehyde and trimilliliters of TMAH (25% in methanol; Aldrich, Milwaukee, methoxybenzaldehyde (G4 and S4, respectively) and dimeth-WI) was added to the tubes containing the soil samples and oxybenzoic and trimethoxybenzoic acid methyl ester (G6 and gently mixed before the methanol was evaporated under a S6, respectively) relative to the standard (n-eicosane). The stream of N 2 . Then, the tubes were sealed under vacuum and syringyl to guaiacyl ratios (S/G) were calculated by summing subsequently placed in an oven at 250ЊC for 30 min. After the responses for amounts of the compounds containing a cooling, the tubes were cracked open, internal standard (1951 syringyl structure divided by the sum of responses for comng of n-eicosane) was added, and the inside surfaces were pounds containing a guaiacyl structure. extracted (three times) using ethyl acetate. The combined extracts were reduced to ≈ 50 mL under a stream of N 2 . Gas Carbon-13 Nuclear Magnetic Resonance chromatographic analyses were performed using a Hewlett-
Spectroscopy
Packard 6890 gas chromatograph (Hewlett-Packard, Palo Alto, CA) equipped with a 15-m fused silica capillary column Solid-state CPMAS 13 C-NMR spectra were obtained using a Bruker DPX 300-MHz NMR-spectrometer (Bruker Analytic coated with chemically bound DB-5 (0.25-mm i.d., film thickness of 0.1 mm; Supelco, Bellefonte, PA). Samples (1 mL) GmbH, Germany). The spectrometer operates at a 1 H frequency of 75 MHz and a 13 C frequency of 300 MHz. The were injected using an autoinjector (Hewlett-Packard 7683 series), with a split ratio of 5 and a front inlet temperature of experimental parameters were the following: contact time of 3 ms; recycle delay time of 1 s; sweep width of 27 kHz 310ЊC. Helium was used as a carrier gas with a flow rate of oxybenzaldehyde (P4), 4-methoxyacetophenone (P5),
The CP method described by Cook and Langford (1998) was 4-methoxybenzoic acid methyl ester (P6), 1,2-dimethoxyused to obtain quantitative CPMAS spectra at this field. The benzene (G1), 3,4-dimethoxystyrene (G3), 1,2,3-tritwo-pulse phase-modulation procedure was also used.
methoxybenzene (S1), and 3,4,5-trimethoxyacetophenone (S5). Less intense peaks were methoxybenzene
RESULTS AND DISCUSSION
(P1), 3-(4-methoxyphenyl)-2-propanoic acid methyl ester (P12), trans-3-(4-methoxyphenyl)-2-propenoic acid The TMAH thermochemolysis is highly selective for methyl ester (P18), 3,4-drimethoxytoluene (G2), 3,4-specific polar groups such as esters, phenols, and acids.
dimethoxybenzaldehyde (G4), 3,4-dimethoxyacetopheIt provides information concerning the molecular fragnone (G5), 3,4-dimethoxybenzoic acid, methyl ester (G6), ments comprising the SOM. Therefore, to elaborate the cis 1-(3,4-dimethoxyphenyl)-methoxypropene (G10), overall structural changes in the SOM and the associated 3,4,5-trimethoxytoluene (S2), 3,4,5-trimethoxybenzoic humification process in soils, this technique was compleacid methyl ester (S6), and trans 2-(3,4,5-trimethoxymented with 13 C-NMR, which provides a more global phenyl)-1-methoxyethylene (S8). Typical woody plants perspective on structural information from bulk SOM.
yield high portions of syringyl and guaiacyl structures The TMAH thermochemolysis of the four soil layers consistent with the results from the TMAH thermo-( Fig. 1 and 2 ) yielded methylated p-hydroxyphenyl, chemolysis (Challinor, 1995; Clifford et al., 1995) . But guaiacyl and syringyl compounds (lignin-derived structhe dominant peaks in the TMAH thermochemotures), aromatic (non-lignin-derived) structures, hetlysis-GC/MS chromatograms of the studied soil samples erocyclic N (protein-derived), and FAMEs. Peak identiwere mainly derivatives of p-hydroxyphenyl and guaifications are presented in Table 1. acyl structures (P and G compounds, respectively) . The Lignin is an important component in the structure of presence of methylated cinnamyl lignin derivatives the surface-layer SOM and most HS. Derivatives from (P18) and the dominance of the P3 and G3 peaks are lignin can become incorporated into the HS macromotypical for a non-woody (grass)-type lignin (Clifford et lecular structure. Thus, it is important to follow the chemical transformation of lignin by-products since they al., 1995). Therefore, the abundance of grass-type lignin of methoxyl groups (S-type; Kogel-Knabner, 1997).
Acetophenone
With increasing depth (Fig. 3) , the S/G ratio decreased, 
Dodecanoic acid, methyl ester
In addition to the major lignin-derived peaks, the In support of this view, the carbohydrate peaks in the 13 C-NMR spectra (72 and 105 ppm; Fig. 4 ) exhibited a sharp decrease with depth, suggesting decomposition of this carbohydrate component of SOM. The polysacchaUnder TMAH thermochemolysis conditions, the soil sample throughout the profile yielded saturated, unsaturide level, calculated from the 13 C-NMR spectra (60-112 ppm), decreased 21% (from 38-30% of the rated, and branched FAMEs of varying C-chain length (from C 7 to C 27 ). The presence of long-chain fatty acids total C) with depth. A similar trend was reported by Zech et al. (1997) and Kö gel-Knabner (1997) for the in the soil may be primarily due to the input of aboveground plant aliphatic biopolymers such as cutin cellulose content in a forest soil profile. These studies have reported a decrease in the carbohydrate content (McKinney et al., 1996) , plant root aliphatic biopolymers such as suberin, and microbial activity byproducts. with humification. The lack of carbohydrate-derived peaks in the TMAH chromatogram is due to poor sensiThe presence of FAMEs originating from aliphatic biopolymers in soil is supported by the characteristic tivity of this technique to carbohydrates (Clifford et al., 1995) . Thus, we conclude on the basis of the above 32-ppm peak in the solid-state 13 C-NMR (Fig. 4) . Several studies have shown that aliphatic biopolymers (e.g., cufindings that the origin of the 1,2,4-trimethoxybenzene peak in the soil chromatogram was not cellulose but tan) are non-hydrolyzable and can be preserved in sediments with minor alteration (Nip et al., 1986; Hatcher et potentially refractory organic-matter compounds of soil HS. al., 1983) . Moreover, FAMEs were produced by TMAH from low-rank coal and soil HAs, and the fatty acids The relative intensity of other non-lignin aromatic compounds (such as benzaldehyde, benzene-methwere suggested to be linked to the HA macromolecule network via ester bonds (del Rio et al., 1994; Hatcher oxymethyl, acetophenone, and benzoic acid methyl ester) increased with depth, suggesting that their presence . A similar series of FAMEs was observed from milled beech leaf litter (Hermosin and is tied to humification, whereas compounds from plants are oxidized and transformed to aromatic humic-like Saiz-Jimenez, 1999) and a soil humin fraction (Fabbri et al., 1996) . The humin and beech leaf yielded longstructures. This hypothesis is supported by the 13 C-NMR CPMAS spectra (Fig. 4) . The phenolic C peak (150 chain saturated and unsaturated FAMEs that probably originated from cutin and cutan. The product 1,3,5-trippm), which is related to lignin-type compounds, decreased with depth, while a reversed trend was exhibited methoxybenzene, which was found to be a major part of cutan's structure (McKinney et al., 1996) , was observed by C-substituted aromatic structures (130 ppm). These findings indicate a relative enrichment of non-lignin aroonly in the upper 15-cm layer and was not present in the chromatographs from the 30-to 45-cm layer. This matic structures with depth (i.e., progressive decomposition and humification). The relative increase of the carsuggests that cutan might not be the only source for aliphatic biopolymers in the soil that might yield longboxyl C peak (175 ppm) in the NMR spectra with depth may also be related to oxidation of lignin side chains chain FAMEs. In agricultural soils, where most of the aboveground during microbial degradation of lignin (Stevenson, 1994) . But, this hypothesis cannot be evaluated with biomass is removed, the contribution of the underground biomass (roots) to the SOM increases. Thus, TMAH thermochemolysis because of poor resolution of the acid-lignin (G6 and S6) and aldehyde-lignin (G4 the origin of the fatty acids (FAMEs, produced by the TMAH thermochemolysis) could be the corn root sysand S4) derivative peaks in the soil chromatograms. Thus, it is more likely that in the soil studied, the intem. Nierop (1998) reported that pyrolysis of roots revealed alkane and alkene patterns, which can be attribcrease of the carboxyl-C peak is mainly due to accumulation of refractory FAMEs as correlated to the 32-ppm uted to suberin present in the roots. In addition, the unsaturated and branched fatty acids could originate peak in the NMR spectra.
revealed that the major part of organic N is bound in amide-N fanctional groups, while heterocyclic-N compounds were not detected (Kö gel-Knabner, 1997). Moreover, it was observed that during pyrolysis, dipeptides have been formed to cyclic dipeptides and amino acids were transformed by intermolecular condensation (Chiavari et al., 1992; Hendricker and Voorhees, 1998) . Thus, the heterocyclic N compounds identified in the TMAH thermochemolysis chromatograms originate from peptides and proteins in refractory forms of the SOM (Knicker and . The TMAH thermochemolysis analysis of the soil profile samples studied yielded, in addition to the N-heterocyclic structures, methylated amino acids (phenylalanine, leucine, and valine). These amino acids were present in relatively high levels in the higher top layer (0-7.5 cm) than in the deep layers. The dominant source for amino acids in soils is cell walls of microorganisms and plant roots exudates (Stevenson, 1994) . Therefore, the presence of amino acids in the deep soil layers suggests a preservation mechanism, which protects the labile proteins from biodegradation. Encapsulation of organic N (mainly proteins) in refractory SOM has been suggested as a possible mechanism (Knicker and .
CONCLUSION
In this research, we studied chemical structures in SOM using TMAH thermochemolysis: a novel, advanced technique that allows analysis without extraction of the SOM. The research aim was to elaborate SOM structural changes with soil depth. The TMAH thermochemolysis was shown to be a useful technique for characterizing non-extracted SOM. The main lignin-derived products were monomethoxyphenyl (P) and dimethoxy- matter inputs to the soil was grass-type lignin litter. With depth, the S/G ratio decreased, suggesting preferential degradation processes of the syringyl units by microorfrom microbial activity. The solid-state NMR spectra ganisms. The decrease of the S/G ratio and the relative exhibited a relative increase of the paraffinic-C region increase of the aromatic and carboxylic C-containing (0-50 ppm) with depth (from 21-25% of the total C).
groups exhibited in the 13 C-NMR spectra, support the The increasing level of aliphatic C recorded from the theory that side-chain oxidation of lignin structures is NMR spectra and the unchanged levels of fatty acids one of the major humification processes occurring in with depth, suggest that the structures yielding these soils. aliphatic compounds in the soil are highly refractory.
In addition to lignin-derived compounds, the TMAH Thus, their relative concentration increased with humifithermochemolysis indicated the presence of a relatively cation. A similar trend for the aliphatic C structures large fraction of long-chain fatty acids. The long-chain was reported for forest soil horizons using NMR analyfatty acids, which were also found in TMAH analyses ses (Zech et al., 1997) .
of HAs, seem to be highly resistant to biological degraTetramethylammonium hydroxide thermochemolysis dation. This hypothesis was also supported by the 13 Cof the studied soil samples yielded heterocyclic N prod-NMR spectra, which exhibited an increase of the parafucts as pyrroles, pyridines, and pyrazoles (Table 1) .
finic C with depth. These peaks were present in all four soil layers, sugRefractory and highly aged organic matter dominates gesting low bioavailability of these N forms. A series of the soil C storage. However, surface soil layers seem N-heterocyclic structures were identified in pyrolysis to contain mostly organic materials exhibiting pattern GC/MS chromatogram of several SOM samples (Leincharacteristics of plant litter. With humification and/or weber and Schulten, 1999). These authors suggested that soil depth, the resemblance of both the 13 C-NMR spectra these structures are original N structures present in the soil. 
